Malaria is an extremely prevalent infectious disease. The World Health Organization (WHO) estimates that in 2016, there were 212 million cases of malaria that resulted in 429,000 deaths worldwide.^[@ref1]^ sub-Saharan Africa and southeast Asia are particularly affected by malaria in terms of both health and economic burden, as they experience 90% and 7% of the global cases, respectively.^[@ref1]^ Furthermore, malaria is particularly lethal to children; 70% of malaria deaths were in children under five years old in 2015.^[@ref1]^

Malaria is caused by several species of *Plasmodium* parasites: 99% of deaths are estimated to be from *Plasmodium falciparum*, and *Plasmodium vivax* is the next most prevalent strain.^[@ref1],[@ref2]^ Currently, WHO recommends treatment for uncomplicated cases of *P. falciparum* with an artemisinin-based combination therapy.^[@ref1]^ Artemisinin and its derivatives have a rapid onset of action and are highly potent, but have a short circulatory half-life of around half an hour after ingestion.^[@ref4]^ They are therefore paired with a longer acting partner drug, such as lumefantrine (half-life of 3--4 days) or piperaquine (half-life of 8--16 days).^[@ref2]^ The most common treatment schedule for adults is a three-day regimen of 4 tablets a day.^[@ref2],[@ref3]^ The multi-day dosing regimen of these therapies poses a significant risk for resistance development, as patients often discontinue drug use before the end of the regimen in order to save medications for later use.^[@ref5]^ The development of a single-dose cure alleviates risks from resistance development due to patient non-adherence.^[@ref2]^

Oral delivery is the preferred method of drug delivery for developing nations because of the easier administration, higher versatility, and lower manufacturing costs of oral therapeutics compared to injectable systems.^[@ref6],[@ref7]^ However, achieving drug delivery through the gastrointestinal (GI) tract can be impaired by unfavorable drug properties such as poor stability and low solubility in the GI tract, both of which result in low bioavailability.^[@ref9]^

One way of improving the pharmacokinetics and therapeutic efficacy of existing orally administered drugs is through nanoparticle (NP) drug delivery systems, which may improve the dissolution kinetics and boost the solubility of an encapsulated therapeutic.^[@ref8],[@ref10]−[@ref12],[@ref39]^ In particular, polymeric NPs are commonly explored for the delivery of hydrophobic compounds. Polymeric NP properties such as size, surface composition, and charge can be chosen to improve a drug's dissolution kinetics, bioavailability, and pharmacokinetics, for example.^[@ref12]−[@ref14],[@ref29]^

Flash NanoPrecipitation (FNP) is an inexpensive and scalable method of producing polymeric NPs with tunable size and a narrow size distribution, as described previously.^[@ref15]^ In brief, an organic active and an amphiphilic polymer are dissolved in an organic solvent and are rapidly mixed with a miscible anti-solvent stream. A confined impinging jet (CIJ) mixer produces rapid mixing, creating supersaturation conditions that result in the precipitation of the hydrophobic active. The hydrophobic unit of the amphiphilic polymer is deposited on the surface of the organic active, allowing the outer hydrophilic block to sterically stabilize the NPs and preventing further growth and aggregation.^[@ref15]^ FNP can produce stable NPs containing hydrophobic organic actives at high loadings (\>25%) and yields.^[@ref16],[@ref17]^ Importantly, FNP is a continuous process, which allows for scaling in time, and CIJs have been used in production of commercial products.^[@ref15],[@ref18]^ FNP has been used successfully to improve the oral dissolution kinetics of the hydrophobic drug clofazimine by encapsulating it into NPs via low-cost stabilizers.^[@ref39]^ The FNP process is therefore an appropriate platform for the large-scale production of therapeutics at low cost, which is required for the development of malaria treatments in developing countries.

OZ439, also known as artefenomel, is a synthetic peroxide antimalarial drug ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref19],[@ref20]^ Preliminary studies indicate that the efficacy of OZ439 is not affected by mutations known to cause resistance to artemisinin.^[@ref20],[@ref23]^ Like artemisinin, OZ439 has a fast onset of action; one important distinction is that OZ439's 25--30 h half-life is significantly longer than artemisinin's half-life of 0.5 h.^[@ref19],[@ref21]^ In a single oral dose of 20 mg/kg, OZ439 has proved curative in mice models infected with *P. berghei*. This result was superior to those obtained with all other tested synthetic peroxides and artemisinin derivatives, and could only be achieved by artemisinin with a partner drug.^[@ref19]^ Additionally, OZ439, when given as a single prophylactic dose of 30 mg/kg 48 h before infection, was preventative in mice and performed better than the same dose of mefloquine, the prophylactic drug currently used.^[@ref19]^ These results, as well as ease of synthesis, make OZ439 a promising candidate for a single-dose malaria cure.^[@ref19],[@ref22]^ The successful encapsulation of OZ439 into stable, water-dispersible NPs thus offers the possibility of improving oral bioavailability of this promising malarial therapeutic drug.

![Structure of peroxide antimalarial drug OZ439 in its free base form.^[@ref19]^ The tertiary amine (arrow) is the site of our hydrophobic ion pairing.](id-2017-00278a_0013){#fig1}

Experimental Section {#sec2}
====================

Materials {#sec2.1}
---------

Affinisol HPMC-AS 126 G (\>94% purity), Affinisol HPMC-AS 716 G (\>94%), Affinisol HPMC-AS 912 G (\>94% purity), and Methocel E3 Premium LV Hydroxypropyl Methylcellulose (HPMC E3) were purchased from Dow Chemicals. Poly(styrene)~1.6kDa~-*block*-poly(ethylene glycol)~5kDa~ (PS-PEG) and polycaprolactone~3.9 kDa~-*block*-poly(ethylene glycol)~5kDa~ (PCL-PEG) were purchased from Polymer Source Inc. Vitamin E (±-α-tocopherol), Vitamin E succinate ([d]{.smallcaps}-α-tocopherol succinate), pamoic acid disodium salt (\>97% purity), sodium deoxycholate (\>97% purity), sodium dodecyl sulfate (\>99% purity), sodium myristate (\>98% purity), and sucrose BioXtra (\>99.95% purity) were purchased from Sigma-Aldrich. Tetrahydrofuran (HPLC grade, 99.9%), methanol (HPLC grade, 99.9% purity), and acetone (HPLC grade, 99.9% purity) were purchased from Fisher Chemicals. Sodium oleate (\>97% purity) was purchased from TCI America. Phosphate buffered saline 10X (PBS) without calcium or magnesium was purchased from Lonza.^[@ref28]^ Fasted-state simulated intestinal fluid (FaSSIF), fed-state simulated intestinal fluid (FeSSIF), and fasted-state simulated gastric fluid (FaSSGF) were purchased from biorelevant.com.^[@ref27]^ Mannitol (\>96.0% purity) from BDH was purchased from VWR. OZ439 mesylate was supplied by Medicines for Malaria Venture (MMV).

Hydrophobic Ion Pairing Screen {#sec2.2}
------------------------------

Artefenomel mesylate (henceforth referred to as OZ439) is a moderately hydrophobic compound (log *P* = 4.6) that, after being dissolved in organic solvents (THF or 33% methanol and 67% THF), does not precipitate into stable NPs through the FNP process.^[@ref36]^ Instead, OZ439 rapidly crystallizes and produces macroscopic precipitates after FNP when processed without any additional excipients or polymeric stabilizers.

To assess if OZ439 could be converted into a hydrophobic ion paired complex, five anionic species were considered as candidates for hydrophobic ion pairing: sodium oleate (OA), pamoic acid disodium salt, sodium deoxycholate, sodium dodecyl sulfate (SDS), and sodium myristate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). These candidates were chosen since they all possess an anionic ionizable group and a hydrophobic functional group.^[@ref40]^ The anions interact with the cationic group on OZ439 in solution, resulting in the formation of a hydrophobic ion paired complex.^[@ref24]^ \[Note: The term "hydrophobic ion paired complex" is used herein to denote the construct formed during this counterion exchange; the term is somewhat interchangeable with "salt", but "salt" is usually reserved for crystalline materials with strictly defined stoichiometric ratios of anions and cations. Our ultimate formulation employs an excess of the hydrophobic anion, so while the cationic moieties on OZ439 are complexed with opposite anionic moieties on the anion, there may be some excess free anion in the hydrophobic complex, and the precipitate is not crystalline.\]

![Candidates for hydrophobic ion pairing with OZ439.](id-2017-00278a_0001){#fig2}

OZ439 mesylate salt was dissolved with an ion pair candidate at varying charge ratios in organic solvents. The organic solution was then diluted 2-fold with water to mimic the anti-solvent stream in the FNP process, and the presence, speed, and amount of precipitation were observed. Additional water was then added for a final ratio of organic to water of 1:10 to determine if precipitation of the hydrophobic species would occur upon the dilution of the organic phase in the final step of FNP. The formation of a precipitate indicated the formation of a hydrophobic ion paired complex.

OZ439 Conversion into Free Base Form {#sec2.3}
------------------------------------

In order to improve hydrophilicity, OZ439 is manufactured as a mesylate salt form, with its tertiary amine protonated. Studies have shown that in simulated gastric fluid, regardless of the initial salt pair, OZ439 forms a very poorly soluble hydrochloride salt.^[@ref19]^ The uncharged free base form of OZ439 (OZ FB) has not been tested *in vivo*; if OZ439 can be stabilized as a free base *in vivo*, conversion to the poorly soluble hydrochloride salt form may be prevented. Therefore, OZ FB was also considered for encapsulation in NPs.

OZ FB was created by exchange in basic water. In brief, OZ439 mesylate was dissolved in methanol at 20 mg/mL. A 10-fold volume of 1 M NaOH was added to OZ439 dissolved in methanol. The precipitated OZ439 base was isolated by centrifugation at 10000*g* for 10 min, and the supernatant was removed. OZ439 free base was rinsed by re-suspension in equivalent volume of water and isolated by centrifugation at 10000*g* for 10 min. Remaining moisture in the drug was removed by placing the compound at \<20 Torr pressure overnight.

OZ439 Mesylate and OZ Free Base Complexation into Nanoparticles {#sec2.4}
---------------------------------------------------------------

NPs were made through Flash NanoPrecipitation (FNP) using a confined impinging jet (CIJ) mixer. The organic actives, stabilizers, and ion pairs or co-cores were dissolved in organic solvents (either acetone or a mixture of 33% methanol and 67% THF, depending on the solubility of the relevant species). The final concentrations of the active and stabilizer in the solution were each 5 mg/mL unless otherwise noted. The solution was then sonicated to ensure complete mixing and dissolution. Equal volumes (0.5 mL) of the organic solution and water anti-solvent were placed in separate syringes and attached to the CIJ mixer. The organic stream and anti-solvent stream were simultaneously and rapidly ejected from the syringes through the CIJ mixer. The resultant combined stream containing NPs was collected in a vial containing 4 mL of water (thus, each feed stream was diluted 10-fold, and the final solution contained 90% water and 10% organic solvents).

Nanoparticle Characterization {#sec2.5}
-----------------------------

NP size and stability were assessed using dynamic light scattering (DLS; Malvern Zetasizer Nano, Malvern Instruments to determine average size, size distribution, and polydispersity index (PDI), at 0, 1, 3, 6, and 24 h time points following FNP.^[@ref26],[@ref33],[@ref34]^ Samples were diluted 10-fold prior to DLS to avoid multiple scattering. The size is determined from the first cumulant of the series expansion of the light scattering correlation function. The PDI is obtained from the Taylor series expansion of the autocorrelation function, and is incorporated into the Malvern Nanosizer data analysis software. A ratio of one-half of the second moment to the first moment is defined as the PDI, where values of 0.1 are generally obtained for monodisperse particles.^[@ref37],[@ref38]^

Zeta potential measurements were also measured using the Malvern Zetasizer Nano-ZS. The samples were diluted 10-fold into 0.1X PBS in a disposable folded capillary cell (DTS1070) and measured.

Nanoparticle Processing into Powder Form {#sec2.6}
----------------------------------------

NP suspensions containing therapeutics must be processed into dry powders for transportation and long-term storage. Ideal powders are those which can re-disperse easily in water and preserve the original NPs' properties such as size and size distribution. Promising formulations were selected for processing into dry powders by lyophilization. Prior to lyophilization, NP solutions were stabilized against aggregation during freezing through the addition of a cryoprotectant. The identity and amount of the cryoprotectant added to the NP solution were varied.

NP suspensions with added cryoprotectants were quickly frozen in an acetone bath cooled to −78 °C by dry ice. For lyophilization, flash-frozen samples were transferred to a −80 °C freezer to ensure complete freezing.^[@ref31]^ A VirTis AdVantage freeze-dryer at −20 °C and under vacuum was used to remove the water and organic solvents from the NPs, forming a dry powder of the NP sample.

Drug State {#sec2.7}
----------

X-ray diffraction patterns were collected in reflection using a Philips-Norelco wide-range goniometer and scintillation counter, equipped with an Advanced Materials Research graphite focusing monochromator. Cu Kα radiation (λ = 0.15418 nm) was produced via a PANalytical PW3830 X-ray generator with a long-fine-focus Cu tube. Angular calibrations were performed using a quartz reference standard. Samples were deposited as a loose powder (∼0.5 mm deep) onto carbon tape, supported on a glass microscope slide. Sample crystallinity was assessed by the presence or absence of strong Bragg reflections.^[@ref35]^

Nanoparticle Release {#sec2.8}
--------------------

The *in vitro* release of the active OZ439 from NPs over time in simulated biorelevant media was determined and compared to the release of the active from the unprocessed active in powder form. To measure OZ439 dissolution kinetics in biorelevant media, NPs or un-encapsulated free powder was suspended in water or different media and incubated at 37 °C in a water bath. In some cases, as described in the [Results and Discussion](#sec3){ref-type="other"} section, a "media swap" from water, through gastric fluid, into intestinal fluid was performed. At 0, 0.25, 0.5, 1, 3, 6, and 24 h, the concentration of the organic active in solution was measured. An aliquot was removed from the solution and spun in an Eppendorf 5430R centrifuge at 21000 g for 15 min in order to pellet any NPs present. The supernatant was then removed and lyophilized. The resulting powder was resuspended in a solution of 10% THF and 90% acetonitrile in order to dissolve any OZ439. The aliquot was again centrifuged for 15 min to pellet insoluble bile salts and cryoprotectants. The supernatant was then removed, filtered through a GE Healthcare Life Sciences Whatman 0.1 μm syringe filter, and analyzed by high-performance liquid chromatography (HPLC) to determine the concentration of the organic active. The HPLC was operated at 45 °C, with an isocratic mobile phase of 100% acetonitrile with a Gemini C18 column (particle size 5 μm, pore size 110 Å) and a 6.5 min run time. The UV detector took measurements at 200, 220, and 276 nm. Measurements were performed in triplicate.

Results and Discussion {#sec3}
======================

Hydrophobic Ion Pairing Screening {#sec3.1}
---------------------------------

When diluted 2-fold in water, OZ439 with SDS, pamoic acid disodium salt, and sodium deoxycholate did not form stable precipitates; either no reaction was visible, or a precipitate formed on initial mixing but quickly re-dissolved ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). When diluted 10-fold in water, OZ439 with pamoic acid disodium salt and sodium deoxycholate did form stable precipitates. OZ439 with oleic acid (OA) formed a precipitate immediately upon 2-fold dilution, as well as upon 10-fold dilution with water. OZ439 with OA in a molar ratio of 1:1 formed the most precipitate and most rapidly, compared to other ion pairs at a 1:1 OVA:IP ratio. These results have identified OA as a promising ion pair for converting OZ439 into a hydrophobic ion paired complex for use in FNP.

###### Results of Precipitation Test for OZ439 Ion Pair Candidates[a](#t1fn1){ref-type="table-fn"}

  IP                    ratio of OZ439:IP    precipitation in 1:1 organic:water   precipitation in 1:10 organic:water
  --------------------- ------------------- ------------------------------------ -------------------------------------
  none                  1:0                                  --                                   --
                                                                                 
  sodium oleate (OA)    0:1                                  --                                   --
  **1:1**               **+**                              **+**                 
  1:2                   \+                                   \+                  
  1:3                   \+                                   \+                  
  1:4                   --                                   --                  
                                                                                 
  pamoic acid           0:1                                  --                                   --
  1:1                   \*                                   \+                  
  1:2                   \*                                   \+                  
  1:3                   \*                                   \+                  
  1:4                   \*                                   \+                  
                                                                                 
  sodium deoxycholate   0:1                                  --                                   --
  1:1                   --                                   \+                  
  1:2                   --                                   \+                  
  1:3                   \*                                   \+                  
  1:4                   \*                                   \+                  
                                                                                 
  SDS                   0:1                                  --                                   --
  1:1                   --                                   \+                  
  1:2                   --                                   --                  
  1:3                   --                                   \*                  
  1:4                   --                                   \*                  

Key: −, no precipitation observed; +, immediate precipitation observed; \*, precipitate formed initially but quickly redissolved.

OZ439 Complexation into Nanoparticles and NP Characterization {#sec3.2}
-------------------------------------------------------------

### OZ439 Mesylate {#sec3.2.1}

FNP was used to produce NPs comprising OZ439, a stabilizing polymer, and an ion pair or co-core. The ratio of OZ439 to the ion pair or co-core and the identity of the stabilizing polymer were varied.

When subjected to FNP, OZ439 mesylate without stabilizer formed large aggregates ([Figure S1B](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf)). OZ439 mesylate and OA ion pair formed NPs without a stabilizing polymer ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf)); however, these NPs were unstable, and crystals formed after 3--6 h. Additional characterization data on these NPs is found in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf).

To formulate sterically stabilized NPs, OZ439:OA was subjected to FNP processing using the HPMC-AS 126, HPMC-AS 716, and HPMC-AS 912, as well as the polycaprolactone-*block*-polyethylene glycol (PCL-*b*-PEG). PCL-*b*-PEG is an amphiphilic block copolymer, and the HPMC-AS grades are cellulosic polymers with acetyl and succinyl substitutions. HPMC-AS 716 has the highest degree of succinyl substitutions, making it the most negatively charged, while HPMC-AS 126 has the most acetyl substitutions and is the most hydrophobic.^[@ref30]^These stabilizers were used to make NPs with molar ratios of OZ439:OA of 1:1, 1:2, and 1:4 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). None of the formulations tested with PCL-*b*-PEG were stable. Apparently, both the hydrophobic interactions and the ionic interactions (succinate groups on HPMC-AS) are required for stability. The HPMC-AS 126, HPMC-AS 716, and HPMC-AS 912 stabilizers at a ratio of 1:1 OZ439:OA yielded the most stable particles, with an average size increase of 9% (20 nm), 24% (38 nm), and 21% (23 nm) over 24 h, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). HPMC-AS 126 and 716 produced NPs that were roughly comparable with respect to size stability and PDI for molar ratios of OZ439:OA of 1:1. HPMC-AS 126 demonstrated greater stability with a OZ439:OA ratio of 1:2 than HPMC-AS 716, especially over the first 6 h ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Therefore, HPMC-AS 126 with molar ratios of 1:1 or 1:2 of OZ439:OA or HPMC-AS 716 with a molar ratio of 1:1 OZ439:OA were the most promising formulations.

![Nanoparticles with ratios of OZ439:OA of 1:1, 1:2, and 1:4 with stabilizers PCL-PEG (A), HPMC-AS 126 (B), HPMC-AS 716 (C), and HPMC-AS 912 (D). The average size over time are shown to compare stability of formulations. PCL-PEG stabilized NPs increased in size significantly over time (A). For each HPMC stabilizer 1:1 OZ439 to OA was the most stable, all remained within 25% of their initial average size. NPs with HPMC-AS 126 or 716 maintained a narrow size distribution over 24 h (B,C). NPs made with HPMC-AS 912 the PDI reached a maximum of 0.26 ± 0.07, 0.39 ± 0.21, and 0.15 ± 0.04 for 1:1, 1:2, and 1:4 OZ439 to OA, respectively. The most promising formulations were 1:1 OZ439:OA with either HPMC-AS 126 or HPMC-AS 716 as a stabilizer, increasing in average size by only 9% and 24%, respectively (B,C). For PDI information, see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf).](id-2017-00278a_0002){#fig3}

![Nanoparticle formulations with molar ratios of OZ439:OA of 1:1, 1:2, and 1:4 with the polymer HPMC-AS 126, comparison of initial size distribution (A), average size (C) over time for 24 h. Increasing the molar ratio of OZ439 to OA decreased the size of the NPs; this could be a result of increased nucleation (A). The average size of the NPs increased by 23 ± 18 nm, 90 ± 7 nm, and 156 ± 5 nm over 6 h for OZ439:OA ratios of 1:1, 1:2, and 1:4, respectively (C). The molar ratio of OZ439:OA of 1:1 with HPMC-AS 126 produced the most stable NPs. The size distribution over time of 1:2 OZ439 to OA NPs showed that although the size increased over 24 h from an average size of 152 ± 3 nm to 348 ± 2 nm no aggregates above 1000 nm appeared (B).](id-2017-00278a_0003){#fig4}

Ion pairing of a hydrophobic salt, and organic active can be performed *in situ*, as in the above experiments, or prior to the FNP process. Pre-ion paired constructs were produced by precipitation with OZ439:OA molar ratios of 1:1, and 1:2, and by precipitation with ratios of 1:1, 1:2,, and 1:3. The initial size distribution, and trends in size over time for NPs with 1:2 OZ439:OA were similar regardless of ion pairing method or stabilizer ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). NPs with pre-ion-paired 1:1 OZ439:OA were less stable than *in situ* ion paired NPs ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![Comparison of nanoparticles formed with pre-ion paired or *in situ* ion paired OZ439, and OA, with stabilizing polymers of either HPMC-AS 126 or HPMC-AS 716. NPs with molar ratios of OZ439:OA of 1:2 initially formed NPs with average sizes between 150, and 240 nm (A). Furthermore, the size over time were similar for all NPs with 1:2 OZ439 to OA, with either HPMC-AS 126 or HPMC-AS 716, and either ion paired *in situ* or pre-ion paired by precipitation (B). On the other hand, there were more significant differences between the NP behaviors formed by ion pairing *in situ* or by precipitation for OZ439 to OA ratios of 1:1 for both HPMC-AS 126 and HPMC-AS 716 (C,D). Furthermore, the pre-ion paired NPs increased in average size more than *in situ* ion paired NPs (D). NPs with molar ratios of OZ439:OA of 1:2 demonstrated less variation in initial average size and more similar trends in size over time regardless of variations in ion pairing method or block copolymer. This suggested that particles formed with OZ439 to OA ratios of 1:2---that is, with excess ion pair with respect to OZ439---were less influenced by processing conditions, and might demonstrate greater stability.](id-2017-00278a_0004){#fig5}

### OZ439 Free Base {#sec3.2.2}

OZ FB alone did not form NPs with stabilizers HPMC-AS 126, HPMC-AS 716, and HPMC-AS 912 without ion pairing. When supplemented with VitE-S at a 1:2 molar ratio of OZ FB to VitE-S, the free base form of the drug could be made into stable NPs with each of the three HPMC-AS polymers. In this case, the anionic succinate group acts as the ion pairing agent. HPMC-AS 126 and HPMC-AS 716 were selected to investigate the effect of changing the molar ratios of OZ FB to VitE-S ([Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"}). NPs were made with a ratio of 1:1, 1:2, and 1:4 OZ FB:VitE-S and stabilized by either of these two HPMC-AS polymers.

![Effect on nanoparticle stability of changing the ratio of OZ FB to VitE-S, with HPMC-AS 126. The initial size distribution of each formulation tested, with ratios of OZ FB to VitE-S of 1:0.5, 1:1, 1:2, and 1:4 demonstrate that increasing concentrations of VitE-S led to larger NPs (A). The size distribution over time for NPs with 1:2 OZ FB to VitE-S and HPMC-AS 126 shows the stability of the NPs: at 24 h there was a small fraction of NPs greater than 1000 nm (B). The average size over time demonstrates the increase in size with increasing concentrations of VitE-S, as well as the stability of NPs with OZ FB to VitE-S ratios of 1:1, 1:2, and 1:4 (C). Together these figures demonstrate that OZ FB to VitE-S ratios of 1:1, 1:2, and 1:4 produced stable NPs, while a ratio of 1:0.5 did not produce stable NPs. For PDI information, see [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf).](id-2017-00278a_0005){#fig6}

![OZ FB nanoparticles with HPMC-AS 716 and varying molar ratios of OZ FB to VitE-S. The initial size distribution of each formulation tested, with ratios of OZ FB to VitE-S of 1:1, 1:2, and 1:4 demonstrates that increasing concentrations of VitE-S led to larger NPs (A). The size distribution over time for NPs with 1:2 OZ FB to VitE-S and HPMC-AS 126 shows the stability of the NPs; at 3 h, there was a small fraction of NPs greater than 1000 nm (B). The average size over time demonstrates the increase in size with increasing concentrations of VitE-S, as well as the stability of NPs with OZ FB to VitE-S ratios of 1:2 and 1:4 (C). NPs with OZ FB to VitE-S ratio of 1:1 were stable for the first 6 h, but there was a moderate increase in size at 24 h (C). For PDI information, see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf).](id-2017-00278a_0006){#fig7}

Nanoparticle Processing into Powder Form {#sec3.3}
----------------------------------------

OZ439 NPs with a molar ratio of OZ439:OA of 1:2 with the stabilizer HPMC-AS 126 were lyophilized. This formulation was selected because it was stable enough to allow for processing and displayed consistent properties when formed by *in situ* ion pairing and pre-ion pairing. Three cryoprotectants were considered---sucrose, mannitol, and HPMC E3---and mass ratios of NPs to cryoprotectant of 1:0, 1:0.5, 1:1, 1:3, and 1:10 were tested to determine the most effective species of cryoprotectant and the minimum amount required. To investigate the effects of freezing on the NPs' properties, each sample tested for lyophilization was also frozen and then thawed, and the NP characteristics were analyzed using DLS. All samples tested, including those without any cryoprotectant, re-dispersed readily upon thawing. After lyophilization, NPs with a 1:2 ratio of OZ439:OA with HPMC-AS 126 coatings with all ratios of sucrose, mannitol, and HPMC E3 as well as with no added cryoprotectant re-dispersed readily in water. For mass ratios greater or equal to 1:1, the average size of the re-dispersed NPs was under 250 nm for all tested cryoprotectants (initial NPs were 150 nm) ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). The dry powder formulation of 1:2 OZ439 to OA NPs with HPMC-AS 126 and the cryoprotectant HPMC E3, added in a mass of NPs to cryoprotectant ratio of 1:1, was selected as the optimized formulation to use in *in vitro* release rate studies.

![Effect of species and amount of cryoprotectant on average size (A) of redispersed lyophilized powder of 1:2 OZ439 to OA nanoparticles with the stabilizer HPMC-AS 126. HPMC E3 was the most promising cryoprotectant; the size distribution (B) of the redispersed powders with varying mass ratios of NP to HPMC E3 is shown. For NP:cryoprotectant mass ratios above 1:1 the average size of the redispersed NPs was relatively constant, at 195 ± 2 nm, 209 ± 28 nm, and 227 ± 5 nm for sucrose, HPMC E3, and mannitol, respectively (A). Increasing the amount of HPMC E3 cryoprotectant generally reduced the level of aggregates present on redispersion, there was only a small tail of aggregates present in the size distribution at 1:1, 1:3, and 1:10 mass of NPs to HPMC E3 (B). For PDI and correlogram information, see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf).](id-2017-00278a_0007){#fig8}

OZ439 free base NPs, when lyophilized, did not form a powder that could re-disperse back to the nanoscale, as the OZ439:oleate NPs did. This failure to re-disperse would likely result in reduction of OZ439 dissolution kinetics, so the free base formulation was not pursued into the *in vitro* release stage.

Drug State {#sec3.4}
----------

Powder X-ray diffraction was performed to identify whether the samples were crystalline, as identified by the presence of Bragg's peaks, or amorphous. Samples of the components of each NP formulation as well as the dried NPs were prepared, and XRD measurements were performed.

Both OZ439 mesylate and OZ439 free base are crystalline and have distinct Bragg peaks ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). In an amorphous drug state, the amorphous solid's energy state is higher than that of a crystal lattice, and the compound's dissolution kinetics are enhanced.^[@ref25]^ The XRD results indicate that the NPs are substantially amorphous, as the signals from both NP formulations are broad peaks ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}).

![XRD results from OZ439 free base and OZ439 mesylate powders. The distinct Bragg peaks of each sample indicate they were distinct crystalline powders.](id-2017-00278a_0008){#fig9}

![XRD results for OZ439 mesylate NPs (A) and OZ439 free base NPs (B).](id-2017-00278a_0009){#fig10}

Nanoparticle Release {#sec3.5}
--------------------

The release of OZ439 from the chosen lyophilized NP powder---1:2 OZ439:OA, stabilized with HPMC-AS 126 and cryoprotected at a mass ratio of 1:1 with HPMC E3---was compared to the release from un-encapsulated OZ439 mesylate powder.

To mimic oral administration and *in vivo* conditions as accurately as possible, release experiments were carried out at 528 μg/mL and involved a "media swap". For children, it is anticipated that an OZ439 NP powder would be dispersed in water and administered orally as a suspension. To imitate these conditions of administration *in vitro*, OZ439 NPs or un-encapsulated powder was dispersed in water, FaSSGF was then added, and the solution was incubated for 15 min, the average duration of substances in the stomach of a fasted subject.^[@ref32]^ The solution was then diluted in either FeSSIF or FaSSIF and incubated at 37 °C, and the concentration of OZ439 in solution was then measured at 0, 0.25, 0.5, 1, 3, 6, and 24 h.

In FaSSIF, the NPs achieved OZ439 concentrations up to 11 times higher than that of the un-encapsulated powder ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}A). The maximum concentration of OZ439 released from the NPs was 248 μg/mL at 1 h and from the un-encapsulated powder was 136 μg/mL after 15 min. Notably, the concentration of OZ439 in solution released from NPs was always higher than that of the maximum concentration achieved by the un-encapsulated powder. Therefore, the NPs were effective in increasing the dissolution of OZ439 over an extended period. The un-encapsulated active demonstrated an early maximum concentration of OZ439 in solution followed by a decline in concentration, possibly due to recrystallization of OZ439 in solution.^[@ref25]^

![Release of OZ439 from nanoparticles and unencapsulated powder after media swap experiment. The samples were first dispersed in water, then FaSSGF, then into either FaSSIF (A) or FeSSIF (B). In FaSSIF the concentration of OZ439 was on average 7.8-fold higher from NPs compared to the unencapsulated powder (A). The powder's early maximum in concentration indicated an initial burst release followed by recrystallization.](id-2017-00278a_0010){#fig11}

In FeSSIF, the maximum concentration of OZ439 from the NPs was 400 μg/mL at 24 h, and from the unencapsulated powder was 380 μg/mL at 30 min ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}B). These preliminary experiments demonstrate that OZ439 NPs improve the solubility and sustained release of OZ439 compared to that in the un-encapsulated powder in FaSSIF. Since malaria patients often have little to no appetite, inducing a fed state is difficult. Thus, the ability to achieve rapid OZ439 dissolution in the fasted state, shown here using NPs, may help to ease drug administration without sacrificing efficacy.

Additional release experiments not involving the media swap were carried out in water, simulated gastric (FaSSGF), fasted-state simulated intestinal (FaSSIF), or fed-state intestinal (FeSSIF) fluid, into which lyophilized NPs or OZ439 mesylate powder was suspended to an OZ439 concentration of 140 μg/mL and incubated in a water bath at 37 °C. [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf) contains the results of these more rudimentary release experiments.

In summary, OZ439 could be encapsulated in a stable NP formulation comprising OZ439 in a molar ratio to OA of 1:2 and the polymer stabilizer HPMC-AS 126. OZ439 NPs with a 1:2 molar ratio to OA and HPMC-AS 126 could be successfully lyophilized with the addition of HPMC E3 in a mass ratio of NPs to cryoprotectant of 1:1, with an overall drug loading of 16% in the final powder. Lyophilization produced powders that were easily re-dispersed in water with a narrow size distribution and average size of 227 ± 17 nm. Furthermore, during *in vitro* release studies, these NPs demonstrated improved dissolution levels and sustained release several-fold higher than that of the un-encapsulated OZ439 powder when swapped from water into simulated fasted-state simulated intestinal fluid via simulated gastric fluid.

Conclusion {#sec4}
==========

The work presented demonstrates that OZ439, a synthetic antimalarial that has demonstrated safety and efficacy in human trials, can be encapsulated into polymer-stabilized nanoparticles to potentially improve its oral bioavailability. Improving the bioavailability of OZ439 could be a step toward developing a single dose cure for malaria, which could eliminate concerns of patient adherence and enhance efforts for malaria eradication. The cheap and scalable FNP process was used to formulate OZ439 into polymer-stabilized NPs, using FDA-approved and inexpensive excipients. Two forms of the active were used: OZ439 mesylate and OZ439 free base. Though OZ439 free base could be made into stable NPs, it could not be successfully processed into dry powder form via lyophilization and was not investigated further.

It was shown that OZ439 mesylate could be successfully complexed with sodium oleate to form a hydrophobic ion pair. This complex forms stable NPs through FNP, unlike the weakly hydrophobic OZ439 mesylate. The stability of NP formulations of OZ439 with varying molar ratios to sodium oleate and different polymer stabilizers was analyzed. NPs of OZ439 with a molar ratio to OA of 1:2 and with the polymer stabilizer HPMC-AS 126 were found to be stable in solution and could be lyophilized with the addition of HPMC E3, producing a powder that re-dispersed readily in water with largely unmodified NP properties compared to the unprocessed NPs and with an overall drug loading of 16%.

The *in vitro* release rates of OZ439 from NPs and the un-encapsulated active were analyzed via a media swap experiment analogous to oral administration. When swapped from water through simulated gastric fluid to fasted-state simulated intestinal fluid, superior OZ439 release from NPs, including sustained supersaturation, was observed. In these conditions, the concentration of OZ439 released from NPs was up to 11-fold higher than that in the unencapsulated powder. Our results indicated that OZ439 NPs could demonstrate increased dissolution and bioavailability compared to that of the unprocessed OZ439 mesylate.

The most significant limitation of this approach is the expense of lyophilization. As emphasized by the OZ439 free base example, dry powder processing is an essential keystone in the formulation of a therapeutic for the developing world, as dry powders are less heavy (i.e., easier to ship) and likely more stable than liquid formulations. Since dry powder processing is required to be industrially relevant, alternatives to expensive lyophilization---for example, spray-drying---should be considered in future studies of this process. The stability of dry powders produced via these unit operations should also be examined in hot and humid conditions. Other immediate future work includes further release rate studies, long-term stability characterization, exploring additional powder processing routes such as spray drying, bioavailability studies, and animal toxicology studies.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsinfecdis.7b00278](http://pubs.acs.org/doi/abs/10.1021/acsinfecdis.7b00278).Size information over time for NPs formed at different OZ439:OA or OZ439FB:VitE-S ratios; size profiles over time for OZ439 NP formulations with different stabilizers in different media; correlograms and size profiles detailing the effect of differing NP:cryoprotectant mass ratios; OZ439:OA NP *in vitro* release when diluted directly into various biomedia (instead of the more realistic media swap release) at 140 μg/mL; and differential scanning calorimetry on the hydrophobic ion paired complex of OZ439 cation and oleate anion, including Figures S1--S9 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00278/suppl_file/id7b00278_si_001.pdf))
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CIJ

:   confined impinging jet

DLS

:   dynamic light scattering

FaSSIF

:   fasted-state simulated intestinal fluid

FeSSIF

:   fed-state simulated intestinal fluid

FaSSGF

:   fasted-state simulated gastric fluid

FNP

:   Flash NanoPrecipitation

GI

:   gastrointestinal

HPLC

:   high-performance liquid chromatography

MMV

:   Medicines for Malaria Venture

NP

:   nanoparticle

OA

:   sodium oleate

OZ FB

:   OZ439 free base

PBS

:   phosphate-buffered saline

PCL-PEG

:   polycaprolactone~3.9kDa~-*block*-poly(ethylene glycol)~5kDa~

PDI

:   polydispersity index

PS-PEG

:   poly(styrene)~1.6kDa~-*block*-poly(ethylene glycol)~5kDa~

SDS

:   sodium dodecyl sulfate

THF

:   tetrahydrofuran

WHO

:   World Health Organization
